Epigallocatechin-3-gallate (EGCG), a bioactive polyphenol in green tea, exerts antiapoptotic activity and prevents tissue damage against different stimuli. Herein, we investigated the effects of EGCG treatment to simultaneously improve spermatogenesis following ionizing radiation (IR) (at a dose of 2 Gy). Mice were intraperitoneally injected with 50 mg/kg EGCG or vehicle control 3 days prior to the irradiation, and the treatment lasted intermittently for 24 days. Supplement with exogenous EGCG protected against short-term germ cell loss and attenuated IRelicited testicular oxidative stress. Mechanistically, prosurvival effects of EGCG treatment upon IR stress were regulated, at least in part, via the mitogen-activated protein kinase/BCL2 family/ caspase 3 pathway. Consistently, at post-IR Day 21, histological analyses revealed tubule damage, desquamation of germ cells, and impairment of caudal parameters in irradiated testis, which could be significantly improved by intermittent EGCG treatment. In addition, long-term EGCG application ameliorated the IR-induced blood-testicular barrier permeability and suppressed testicular steroidogenesis, thus exerting a stimulatory effect on the spermatogenic recovery. Collectively, EGCG appeared to efficiently prevent germ cells from radiation-induced cell death via multiple mechanisms. Employment of this bioactive polyphenol should be an attractive strategy to preserve fertility in males exposed to conventional radiation therapy and warrants further investigation. apoptosis, epigallocatechin-3-gallate (EGCG), ionizing radiation (IR), oxidative stress, spermatogenesis
INTRODUCTION
As one of the most radiosensitive organs, testicular function can be significantly impaired by ionizing radiation (IR) exposure. Side effects from IR can disturb normal spermatogenic metabolism, proliferation, and differentiation, which ultimately result in mutagenesis or apoptosis of radiosensitive cells, low sperm counts, and defective sperm function. Consequently, temporary or permanent infertility is a very common postradiation therapy problem, especially for young male patients [1] . Compelling evidence reveal that IR-induced germ cell (GC) loss is mainly achieved via apoptotic death of selected GCs, which plays an important role to maintain the proper ratio of the GCs to Sertoli cells (SCs) [2] . However, IR differentially induces apoptosis of GCs, with the actively dividing spermatogonia being the most susceptible. Doses as low as 0.1 Gy are known to cause damage to these cells. Likewise, doses as low as 0. 35 Gy can cause azoospermia in human patients [3] . Spermatocytes and spermatids are generally less sensitive to irradiation and are believed to be lost from the testis by maturation depletion rather than suffering direct damage [4] . On the other hand, the supportive, nondividing SCs and Leydig cells (LCs) are both highly resistant to radiation. This may be caused by the increase in antioxidants also noted in those cells after irradiation [5] . Although the physiological and cellular responses to IR in testis have been well documented, the molecular mechanisms through which these responses are directed remain largely unknown.
Because water composes 55%-80% of the mass of biological systems, irradiation of water in the presence of oxygen produces a series of partially reduced oxygen species collectively known as reactive oxygen species (ROS), such as superoxide anion, hydrogen peroxide, and hydroxyl radical [6] . A growing body of evidence suggests that in major cases, detrimental effects of IR on biological tissue are mediated via indirect interactions, which increased production of hydroxyl radicals by radiolysis of H 2 O followed by the abnormal elevation of cytotoxic ROS and oxidative damage. Cell, nuclear, and mitochondrial membranes, structural and cytoplasmic proteins, complex carbohydrates, RNA, and DNA are all potential victims of oxidative stress [2] . In this regard, the concept of improving fertility potential of infertile patients under high oxidative stress by use of certain antioxidants has now gained considerable attention in cases of IR-induced testicular dysfunction. On the other hand, it has been shown that supplement of exogenous testosterone (T) inhibits GnRHantagonist-stimulated spermatogenic recovery in irradiated rats, which was totally contrary to the usual action of this hormone. Even though the exact underlying mechanism is not yet known, hormone treatment may be clinically applied in the future to activate spermatogenesis in patients rendered azoospermic by irradiation [7] .
Green tea (Camellia sinensis) is one of the most commonly consumed beverages worldwide. Accumulated studies have shown that it has many biological properties, including antioxidant activity, antiviral and anti-inflammatory activities, cancer chemoprevention, and inhibitory effects on aromatase and thyroid peroxidase [8] . Among the most predominant catechins found in C. sinensis, epigallocatechin-3-gallate (EGCG) makes up ;30% of the solids and has been and is widely investigated due to its ability to suppress the inflammatory processes that lead to transformation, inhibit cell proliferation, and exert a strong antiradical activity. EGCG is also used now as a nutritional supplement due to its many health benefits [9] . Several pioneering studies have demonstrated a potential involvement of EGCG in the modulation of certain testicular function. For example, supplement of exogenous EGCG inhibits apoptosis and inflammation, thus protecting testicular seminiferous tubules from ischemia/ reperfusion-induced damage [10] . Moreover, EGCG can inhibit T production in rat LCs [11] . However, the mechanisms underlying this biological effects or whether EGCG may benefit other testicular injury/pathologies are unknown. In the present communication, we evaluated chronic effects of intermittent treatment with EGCG for about 3 wk to simultaneously improve testicular and metabolic parameters from IR-induced harmful consequences. Our results should provide novel insight into mechanisms of action for green tea consumption as a potential adjunct to conventional radiation therapies for malignancy.
MATERIALS AND METHODS

Animal Treatment
All the animal experiments were approved by the Institutional Animal Care and Use Committee of the Fourth Military Medical University, Xi'an, China. Ten-week-old male mice (C57BL/6) were obtained from our university and maintained on a 12L:12D cycle in a 208C-258C environment. They were allowed to acclimatize for at least 1 wk before the experiment. In the irradiation experiments, the mice were anesthetized by intraperitoneal injection (IP) of sodium pentobarbital anesthesia (0.04-0.05 mg/g body weight) 1 h before irradiation. Mice were placed in a prone position in a plastic box and irradiated by means of a single posterior field covering the whole box plus 2 cm margin to achieve maximum uniformity of dose distribution. Animals received a dose of 2.0 Gy total-body irradiation at a rate of 1.04-1.68 Gy/min using a 320-kVp Philips industrial x-ray machine (GMBH). The effects of EGCG supplement on IR-induced testicular injury were studied from two time points. The first time point (16 h) was chosen because apoptosis of the murine testicular GCs, which starts approximately 8 h after IR, increases to maximum effect at about 16 h. The second time point (21 days) was selected because differentiation of mouse testicular GCs from early spermatogonia to spermatocytes and to spermatids lasts approximately 9 and 18 days, respectively. To this end, the effects of EGCG supplement on IR-induced spermatogenic damage could be reflected from the reduction in the 4C (tetraploid cell) population of spermatocytes and the 1C (haploid cell) population of spermatids at the 21st day after irradiation [3] . The mice were randomly divided into three groups: group I ¼ sham (n ¼ 10); group II ¼ IRþ vehicle control (ctrl) (normal saline, n ¼ 10), and group III ¼ IRþ EGCG (n ¼ 10). Mice in group III were IP injected with 50 mg/kg EGCG 3 days prior to the irradiation. This dose was chosen because the previous study shows that in vivo application of 50 mg/kg EGCG could inhibit apoptosis and protect spermatogenesis from testicular torsion-induced damage [12] . IP injections were carried out for 3 consecutive days starting at each indicated day (e.g., from Day À3 to 0, Day 4 to 6, Day 11 to 13, and from Day 18 to 20) (Fig. 1) . In all the experiments, mice were euthanized under diethyl ether anesthesia, followed by cervical dislocation. Testes were immediately removed and decapsulated (freed of surrounding epididymal fat). For histological studies, testes were fixed in Bouin solution for 24 h and embedded in paraffin, followed by staining with hematoxylin-eosin (Sigma-Aldrich). For biochemical analysis, testes were frozen in liquid nitrogen and stored at À808C until processing.
Experimental Design
At the 16-h time point, the effect of EGCG on 2.0-Gy irradiation-induced GC loss was studied using in situ end labeling of fragmented DNA (TUNEL) and apoptosis enzyme-linked immunosorbent assay (ELISA) analyses. Serology was also employed to evaluate the oxidative status. Additionally, after 2.0-Gy irradiation, tissue samples were collected and subjected to Western blot analyses on apoptosis-related pathways.
At the 21-day time point, the long-term effects of EGCG on 2.0-Gy irradiation-induced testicular damage were studied by histology and DNA flow cytometry. The effects of EGCG on 2.0-Gy irradiation-induced testicular steroidogenesis were evaluated using serological tests. In addition, damage to the blood-testicular barrier (BTB) in different experimental groups was determined by Evans blue dye assays and quantitative reverse transcriptionpolymerase chain reaction (qRT-PCR) analyses.
Assessment of the Histopathological Parameters of Epididymal Sperm
The long-term effects of EGCG on 2.0-Gy irradiation-induced sperm injury were studied using histology as described elsewhere [13] . Briefly, the right caudal epididymes were weighed and placed in 0.5 ml saline and gently minced for 30 sec. A 10 ll aliquot of sample was diluted with diluent solution (0.25% trypan blue, 5% NaHCO 3 , 0.35% formalin), and the sperm were counted in a Bright-Line Hemacytometer (Sigma-Aldrich). A portion of each suspension was put on a glass slide to make a smear, which was air-dried and stained with 0.05% aqueous solution of eosin-Y (Sigma-Aldrich). In the subsequent morphological examination, the deformed sperms were defined as the lack of the usual hook (head appearing banana-shaped instead of curved-shaped), tail folded on sperm body, bifid tail, and amorphous sperm (deshaped sperm head). At least 500 spermatozoa per group were observed at 3400 magnification. For viability assays, the right caudal epididymes were collected and minced as described above. Tissues were then placed in 0.5 ml of modified Whitten-Hepes medium containing 100 mM NaCl, 4.7 mM KCl, 1.2 mM KH 2 PO 4 , 1.2 mM MgSO 4 , 5.5 mM glucose, 1 mM pyruvic acid, and 4.8 mM L-lactic acid hemicalcium salt in 20 mM Hepes, pH 7.3, at 378C. After 10-min incubation, the sperm suspension was collected by a 5-min centrifugation at 500 3 g at room temperature. Spermatozoa were then collected with a micropipette to a slide for motility analysis in which they will be considered motile if they showed any movement. At least 200 spermatozoa were counted in each preparation. The motility analysis was repeated in a new preparation from the same semen sample.
Assessment of Male Fertility
The duration of mouse spermatogenesis is 35 days, which consists of 6-day mitosis, 14-day meiosis, 9-day spermiogenesis (differentiation of round spermatids into elongated spermatids), and 6-day appearance of testicular sperm [14] . So we investigated the reproductive capacities of experimental mice from different groups at post-IR Day 35 ( Fig. 1) . One male was mated with two females for 2 wk in multiple trials as described before [15] . Female mice were checked for vaginal plugs each morning, and litter sizes were recorded on delivery from three successive matings.
Flow Cytometry
Germ cells were released from seminiferous tubules in PBS according to the previous report with a minor modification [16] . Briefly, testes were decapsulated and digested for 15 min in 0.25% (w/v) collagenase (type IX; Sigma) at room temperature with constant shaking. Seminiferous tubules were then cut into pieces using a sterile blade and further digested in 12 ml separation medium containing 2.5 mg/ml trypsin and 1 unit/ml DNase I (Boehringer Mannheim), and then incubated for 10 min at 358C. The cell aggregates that remained after this treatment were sheared gently by repeated pipetting with a Pasteur pipet for 3 min. Sertoli and peritubular cell aggregates and clumped debris were removed by filtering through a 50-lm nylon mesh twice and centrifuged for 10 min at 300 3 g. The pellet was finally fixed in 70% chilled ethanol. After the GCs were stained with 25 mg/L ethidium bromide (Sangon Biotech), samples were analyzed by flow cytometer with an excitation wavelength of 488 nm.
Measurement of Apoptosis
TUNEL assay was done using the In Situ Cell Death Detection Kit (Roche Applied Science) as described previously [2] . Briefly, slides were saturated with 50 ll of an equilibration buffer (200 mM K cacodylate, 25 mM Tris-HCl, pH 6.6, 0.2 mM dithiothreitol, 0.25 lg/ll bovine serum albumin, 2.5 mM DING ET AL.
CoCl 2 ) under a plastic coverslip (Millipore) to prevent evaporation for 10 min followed by the incubation with the TUNEL reaction mixture and 1 ll of 25 units/ll of terminal deoxynucleotidyl transferase. The TUNEL reaction mixture was evenly spread under a plastic coverslip, and slides were incubated at 378C for 1 h. The reaction was terminated by immersing the slides in 23 sodium chloride and sodium citrate (300mM NaCl, 30mM Na citrate, pH 7.4) for 15 min at room temperature. Samples were then incubated with 50 ll Converter-POD (Roche Applied Science) as instructed by the manufacturer. Final positive signals were developed using 1 mg/ml 3, 3 0 -diaminobenzidine tetrahydrochloride (Sigma-Aldrich). Stained sections were counterstained with hematoxylin (Sigma-Aldrich) to mark the nuclei.
An apoptosis ELISA kit (Roche Diagnostics) was also used to quantitatively measure cytoplasmic histone-associated DNA fragments (mononucleosomes and oligonucleosomes) [17] . Briefly, after lysis, an aliquot of the supernatant was transferred to a streptavidin-coated well of a microplate, and the nucleosomes in the supernatant were bound with two monoclonal antibodies, anti-histone (biotin-labeled, 1:1000; Roche Diagnostics) and anti-DNA (peroxidase-conjugated, 1:1000, Roche Diagnostics) at room temperature for 2 h. A peroxidase substrate was used to develop the final color, and the absorbance was measured in triplicate at 405 nM.
Combined TUNEL and Double Immunofluorescent Labeling
The double-labeling assay for detecting apoptotic cells and spermatogonia was carried out as described elsewhere [2, 18] . In brief, after the slides had been stained with the TUNEL kit as described above, slides were washed three times in PBS for 10 min. The sections were then blocked with 2% sheep and horse sera in PBS for 30 min at room temperature to reduce nonspecific background. Subsequently, sections were incubated with the blocking solution containing the rabbit anti-SOHLH2 (dilution 1:500; Bioss), at 48C overnight in a moist box. Slides were washed three times in PBS for 10 min prior to addition of rhodamine-labeled antibodies (Jackson Immune Research Laboratories). Nuclei were visualized by 10-min incubation of 4 0 ,6-diamidino-2-phenylindole (dilution 1:2000; Sigma).The sections were mounted in 80% glycerol and examined with an inverted microscope (Axio Imager M1 microscope; Zeiss).
Hormone Assays
Mice were euthanized at different time points as described above. A midline sternotomy was performed, and 1 ml of blood was drawn by cardiocenthesis.
After 15 min of centrifugation at 3000 3 g, the serum was collected and stored at À208C until analysis. Levels of T and follicle-stimulating hormone (FSH) were measured by radioimmunoassay in plasma or in supernatants of total testicular homogenates as described previously [19] . All the samples were assayed in duplicate, and each experimental data point consisted of three to five samples. Intra-and interassay coefficients of variation were approximately 8.6% and 8.1%, respectively, for T and 4.7 and 3.4%, respectively, for FSH.
Quantitative RT-PCR
Total RNA was extracted from murine testes using RNeasy Mini Kit (QIAGEN Inc.) according to the manufacturer's instructions. Routine DNase (Applied Biosystems/Ambion) treatment (1 unit of DNase I/lg of total RNA) was performed before reverse transcription. First-strand cDNA was synthesized with Superscript III (Rnase H-Reverse Transcriptase; Invitrogen), and PCR was set up according to Promega's reverse transcription system protocol. The primers used were reported in our previous report [19, 20] . The amplification of Gapdh served as the internal control. PCR products were then quantified by SYBR green intercalation using the MiniOpticon system (Bio-Rad Laboratories, Inc.). Gapdh was used to obtain the DDCt values for the calculation of fold increases.
Assessment of Endogenous Lipoperoxidation Levels
The endogenous lipid peroxidation was evaluated in the testes by detection of thiobarbituric acid (TBAR), which particularly reacts with malondialdehyde, according to the method previously described [21] . Briefly, the testicular homogenates were precipitated with 12% trichloroacetic acid followed by incubation in 60 mM Tris-HCl, pH 7.4, 0.1 mM diethylenetriaminepentaacetic acid, and 0.73% TBAR at 1008C for 1 h. After cooling, the samples were centrifuged at 10 000 3 g for 5 min. The final absorbance was measured in triplicate with a microplate reader at 535 nM (Bio-Rad). The values were expressed in nmol TBAR/g.
Protein Carbonyl Status
The irradiation-induced oxidative damage to proteins by carbonylation was determined as described previously [22] . In brief, after lysis, an aliquot of the supernatant was incubated with 10 mM 2,4-dinitrophenylhydrazinein in 2 M hydrochloric acid for 1 h at room temperature in the dark and then precipitated with 20% trichloroacetic acid. After centrifugation at 11 000 3 g for 5 min, 
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proteins were solubilized in 6 M guanidine hydrochloride in 20 mM potassium phosphate and centrifuged at 14 000 3 g for 5 min. The final spectrophotometric assay was developed by measuring the absorbance at 370 nM, and the protein carbonyl concentration was expressed in lmol/mg protein.
Determination of BTB Permeability
IR-induced damage to BTB was determined by using Evans blue dye. Evans blue dye prepared in saline (2%) was injected (3 ml/kg) through the caudal vein 4 h prior to sacrifice [21] . Animals were then perfused with 50 ml cold PBS, and the amount of Evans blue present in the testicular tissues was estimated. Tissues were weighed and homogenized in formamide and incubated overnight at 568C. They were then centrifuged at 10 000 3 g for 30 min, and 200 ll supernatant was used to measure the absorbance at 620 nm. The amount of dye was calculated from a standard curve plotted with known dye content.
Western Blot Analysis
Western blot analysis was carried out as described in our previous work [23, 24] . Protein samples were prepared in ice-cold RIPA buffer (50 mM TrisHCl, 150 mM NaCl, 1% (vol/vol) Triton X-100, 1% (wt/vol) sodium deoxycholate, and 0.1% (wt/vol) SDS, pH 7.5) supplemented with complete proteinase-inhibitor cocktail tablets (Roche Diagnostic). Thirty micrograms of total protein was separated on 8%-15% SDS/PAGE and transferred to nitrocellulose membrane (Millipore). Membranes were then incubated with different primary antibodies, including anti-active CASPASE 3 (dilution 1:1000; EMD Millipore), anti-BAX (dilution 1:1000; Santa Cruz Biotechnology), anti-BCL2 (dilution 1:1000; Santa Cruz Biotechnology), anti-pho-P38 
Statistical Analysis
The results are presented as mean 6 SEM from at least three independent experiments and were analyzed for statistically significant differences using Student t-test; P , 0.05 was considered statistically significant. Statistical analyses were performed using SPSS 15.0 software (IBM).
RESULTS
Effects of Chronic EGCG Treatment on IR-Induced Spermatogenic Damage
Testicular atrophy is a common feature of spermatogenic damage following radiation [25] . The weights of the testes significantly decreased 21 days after irradiation, with the value being 56.6% of the nonirradiated testes (P , 0.05). Chronic treatment with EGCG could restore the weights to 85.5% of the nonirradiated testes. This beneficial effect was significantly higher than that of treatment with vehicle ctrl (P , 0.05, Fig.  2A ). Consistently, IR exposure resulted in up to 30% of tubule sections (marked by asterisk) containing shrinkage of testicular tissues and desquamation of GCs at post-IR Day 21, which was significantly improved by EGCG treatment (Fig. 2B) . The seminiferous tubules of irradiated mice had a strong reduction in meiotic tetraploid cells and postmeiotic haploid cells. In contrast, a significant increase in the 4C population of spermatocytes and the 1C population of spermatids, although not improved enough to the normal level, was observed in EGCG-treated mice at post-IR Day 21 (Fig. 2C) . From a functional standpoint, irradiation significantly reduced the number of sperm in the caudal epididymis at post-IR Day 21, whereas the sperm count was elevated significantly (P , 0.05) by treatment with EGCG when compared to irradiated animals. The latter exhibited a significant decrease in sperm viability and increased sperm abnormality over ctrl animals. Supplement with EGCG increased the frequency of live sperm (39.8%) and reduced the frequency of abnormal sperm (33.6%) when compared with the vehicle ctrl group (Fig. 2D) . The available data made us wonder whether the surviving spermatozoa were capable of inseminating an egg, thereby retaining their reproductive competence. We therefore investigated the reproductive capacities of different experimental mice at post-IR Day 35, given that one cycle of murine spermatogenesis lasts 35 days. Overall, the fertility potential was significantly reduced in the irradiated male mice ( b P , 0.05). By contrast, treatment with EGCG attenuated the testicular detriment after IR damage and resulted in a dramatic increase in the impregnation rate ( c P , 0.05) ( Table 1) . Together, these results suggest that chronic therapy with EGCG significantly improves testicular function after IR injury.
Acute Antiapoptotic Actions of EGCG
Because the killing of male GCs by radiation has previously been attributed to apoptosis and the apoptosis of the murine GCs after testicular IR reaches its maximum level at about 16 h [2], we next examined the effects of EGCG supplement on GC death at this time point. TUNEL-positive cells were scarcely observed in nonirradiated group and reappeared abundantly in the outer layer of the seminiferous tubules at post-IR 16 h. In contrast, few GCs were found positive for TUNEL staining in the EGCG-treated group after irradiation (Fig. 3A) . Consistent with the morphological analysis, the protective effects of EGCG on IR-induced GCs death were further confirmed by the apoptotic ELISA analyses (Fig. 3B) . In addition, double immunofluorescent staining demonstrated an obvious spatial overlap between TUNEL-positive signals (green) and SOHLH2 signals (red) (Fig. 3C) , suggesting that the IRinduced apoptotic GCs at this time point should be differentiating spermatogonia [26] .
Effects of EGCG Treatment on Spermatogenesis-Related Hormones after IR Injury
Levels of hormones-including intratesticular T, plasma T, and FSH-were assessed given their pivotal roles in the control of spermatogenesis. Ionizing radiation effectively increased T levels (intratesticular and plasma) as well as the expression levels of the mRNAs encoding several key factors in the steroidogenic route such as steroid acute regulatory protein (StAR), 3bhydroxyl steroid dehydrogenase (3b-HSD), and the enzymes P450 side-chain cleavage (P450 scc) at post-IR Day 21. In contrast, the above-mentioned hormones and factors were all significantly decreased in the irradiated testes after EGCG treatment, with some values (plasma T and 3b-HSD) even restored to the normal levels before IR stimulation (Fig. 4,  A, B, and D) . In addition, the plasma FSH levels in IR þ vehicle ctrl and IR þ EGCG groups were both substantially elevated at post-IR Day 21, with no difference being detectable between the two experimental groups (Fig. 4C) . These data suggest that EGCG treatment can alter testicular steroidogenesis (probably an inhibitory effect) during the late recovery from testicular IR injury.
Effects of EGCG Treatment on IR-Induced Oxidative Damage
To study the IR-induced oxidative status in the EGCGtreated testis, some biomarkers of oxidative damage were assessed (Fig. 5, A and B) . The content of TBAR, which is an indicator of lipid peroxidation, was significantly increased, as DING ET AL. 
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well as protein carbonyl level, an indicator of oxidative damage to proteins, in the irradiated testes compared to sham controls [22] . In contrast, as evidenced by a substantial reduction in both TBAR and protein carbonyl levels, EGCG treatment significantly attenuated IR-induced oxidative damage and effectively restored the levels of two markers to the normal level. These data suggest that the beneficial effects of EGCG on IR-induced testicular injury may mainly achieve via the rehabilitation of oxidative balance.
EGCG Treatment Rectifies the IR-Induced Disruption of BTB
Once we established the participation of oxidative events in the mechanism of pharmacological action of EGCG, we sought to determine whether EGCG treatment could ameliorate any oxidative damage following IR exposure. A single dose of 2.0-Gy IR was sufficient to disrupt the BTB by ;2.5 fold, resulting in Evans blue dye uptake at post-IR Day 21, which was significantly attenuated by EGCG supplement (Fig. 6A) . Ionizing radiation-exposed testis exhibits several hallmarks of testicular impairment (elevated epithelium degeneration, increased apoptotic rate, and GC desquamation), suggesting a disruption of the paracrine signaling between SCs and GCs. We therefore examined the expression levels of various SCspecific functional genes in different experimental groups using qRT-PCR. The expression levels in almost 80% of the genes observed, among which most of the genes are documented to maintain the functionality of the GC nursery (Pem, Transferrin, and Fabp5), tight junctions (TJs) (Occludin, Claudin-11, and Cgnl1), and anchoring junctions (AJs) (N-cadherin, Testin, Nectin-2, and Zyxin), were disrupted at post-IR Day 21. Very interestingly, EGCG treatment could substantially improve the expressions of most of functional genes encoding proteins involved in normal junctional formation (Occludin, Claudin-11, Cgnl1, N-cadherin, Testin, and Nectin-2), among which some were even restored to the normal level (Occludin, Claudin-11, Cgnl1, N-cadherin, and Nectin-2). Similar beneficial effects were undetectable in genes responsible for SCs nursery function (Fig. 6B) . These results are indicative of specific targets of the pharmacological action of EGCG during testicular IR injury. To further dissect the potential mechanism underlying cell death, we next examined the activation of several apoptosisrelated pathways using immunoblotting analyses at post-IR 16 h (Fig. 7A) . Expression of the apoptotic executioner, namely activated caspase-3, was significantly upregulated after simulated IR stress; EGCG treatment substantially compromised this effect (Fig. 7B) . Consistent with this, expression of BAX (a proapoptotic protein) was augmented in IR-stimulated testis and almost restored to the normal control level in the presence of EGCG (Fig. 7C) . In contrast, the expression of BCL2 (an antiapoptotic protein) was downregulated in irradiated testis, and this downregulation was effectively reversed by EGCG supplement (Fig. 7D) . Moreover, it appeared obvious that IR stress activated the mitogen-activated protein kinase (MAPK) pathway (JNK and P38) during the early recovery, whereas this activation could be effectively blocked by EGCG treatment (Fig. 7, E and F) . Thus, exogenous EGCG may target an endocrine-based cascade orchestrating the intrinsic apoptotic activity in response to testicular IR stress.
Prosurvival Effect of EGCG Treatment in Response to
DISCUSSION
The aim of this study was to investigate whether EGCG is able to protect testicular GCs from irradiation injury. We found that in irradiated testes EGCG can ameliorate various parameters related to spermatogenesis in mice at 16 h and 21 days after 2-Gy IR. The available data have demonstrated the drastic effects of pretreatment (before radiation) together with posttreatment (after radiation) of EGCG on spermatogenesis in the testes exposed to the radiation. In particular, pretreatment of EGCG seems essential to protect spermatogenesis against IR injury, while posttreatment of EGCG appears to be able to strengthen spermatogenic recovery from radiation damage. However, it is difficult to distinguish the two different effects of EGCG, one, to protect or strengthen the testicular cells against radiation injury by pretreatment and, two, to support recovery of the cells after radiation exposure by posttreatment. To further clarify this, we included two additional controls, namely, pretreatment only and posttreatment only. Interestingly, the data from apoptosis analyses at post-IR 16 h (Supplementary Fig. S1A ; all Supplemental Data are available online at www.biolreprod.org) or from morphological analyses at post-IR Day 21 ( Supplementary Fig. S1B ) both suggest that pre-and posttreatment only cannot protect murine spermatogenesis from IR injury as efficiently as the combination of two methods. Thus, the pharmacological effects of EGCG against IR insult may be subject to a delicate control by its administration route. In addition, to better reveal the protective effects of EGCG on IR-injured testes, we included additional a ctrl group in which mice were subjected to the EGCG treatment as described in Figure 1 except that the IR treatment was omitted. At 16 h and 21 days following sham operation, mice were killed and testes were subjected to histological analyses. We did not observe any difference between experimental groups (Supplementary Fig. S2 ). So we confirm that EGCG treatment alone does not exert any beneficial or deleterious effect on murine spermatogenesis. Taken together, this green tea polyphenol may have useful clinical applications in the prevention of testicular damage following irradiation.
Pathogenic effects of oxidative stress in the IR-induced testicular damage have been frequently demonstrated [27] . EGCG, originally identified as an antioxidant, has been reported to be able to ameliorate oxidative stress-elicited tissue damage in different systems. For example, EGCG successfully improves mitochondrial function and autophagy in diabetic Goto-Kakizaki rats [28] , EGCG can exert significant antioxidant and neuroprotective effects following focal cerebral ischemia [29] , and EGCG pretreatment can protect primary rat retinal pigment epithelial cells from H 2 O 2 -induced death [30] . In this study, EGCG remarkably inhibited testicular oxidative stress after irradiation and almost restored lipid peroxidation and protein carbonyl to their normal levels (Fig. 5, A and B) . DING ET AL. IN MOUSE TESTIS   7  Article 6 Taken together, we reason that EGCG may increase GC survival by affecting the oxidative status, reflecting on the multifactorial actions of this polyphenol. One distinguishing feature in our study is a dramatic decrease of IR-elicited GC death that took place in the presence of EGCG treatment. This may help to explain the protective effects of EGCG against IR injury because loss of male GCs after exposure to IR has been attributed to apoptosis [3] . Although more work is still needed for a better understanding of the effect of EGCG at the cellular and molecular levels, it is very likely that EGCG protective function may involve the activation of several apoptosis-related key pathways. The MAPK pathway transduces signals from the cell membrane to the nucleus in response to a variety of different stimuli and participates in various intracellular signaling pathways. Multiple signal transduction pathways stimulated by IR are mediated by the MAPK superfamily, including extracellular signal-regulated kinase (ERK), c-Jun N-terminal kinase (JNK), and P38 MAPK [31] . Among its various components, the ERK pathway is mainly activated by mitogenic stimuli such as growth factors, cytokines, and phorbol esters. In contrast, JNK and P38 MAPK are weakly activated by growth factors but respond strongly to stress signals, including tumor necrosis factor (TNF), interleukin-1, ionizing and ultraviolet radiation, hyperosmotic stress, and chemotherapeutic drugs. Activation of JNK and P38 by stress stimuli is strongly associated with apoptotic cell death [32] [33] [34] [35] . Our observation of significant activation of p-JNK and pho-P38 concurrently at 16 h could relate to the findings of previous studies in which JNK and P38 were both found to regulate the mitochondrial apoptotic pathway by activating several proapoptotic members of the BCL2-related protein family, thus leading to caspase-dependent/independent cell death [21] . Therefore, it follows that the expression of BAX (proapoptotic protein) was significantly upregulated and the expression of BCL2 (antiapoptotic protein) was downregulated in irradiated testis. The ability of EGCG to modulate the balance between different BCL2 members reflects the employment of at least two independent signaling cascades in the prevention of cell death in IR-exposed testis. On the other hand, it has been shown that upregulation of intracellular ROS acts alongside the activation of P38 and JNK MAPK upon the application of certain stimuli [36] . Therefore, the attenuation of IR-elicited P38 and JNK activities by EGCG may be a downstream indirect effect of its counteraction against oxidative stress. The IR response is a rapid, highly regulated adaptive response to stress, and its complexity is quite apparent. Some of the earliest signal transduction events (such as activation of MAPKs pathways) after irradiation appear to occur near the cell membrane [31] . To this end, the fact that the beneficial effects of EGCG on altering JNK and P38 activities can be observed during the very early recovery process does suggest its pharmacological potential for the future clinical application.
RADIOPROTECTIVE EFFECTS OF EGCG
Germ cells exist in an environment created by SCs; therefore, paracrine signaling between these intimately associated cells must regulate the process of GC death [37] . The BTB is composed mainly of TJs between adjacent SCs and of AJs between SCs and GCs. The former restricts the entry of molecules in the interstitial space into the adluminal compartment and is thus required to maintain homeostasis in the adluminal compartment. The main function of AJs is to create a network that maintains tissue integrity and to function in signal transduction events to regulate basic cellular processes during spermatogenesis [38] . In this context, the beneficial effects of EGCG on the development of tetraploid spermatocytes and differentiation of haploid spermatids after IR can be ascribed to its ability to regulate the essential components of TJs and AJs, respectively. In favor of our observation, it has been shown that EGCG can successfully prevent the increase in epithelial permeability caused by IFN-gamma exposure [39] . Moreover, pharmacological blockade of MAPK signaling did not affect IFN-gamma-induced epithelial barrier dysfunction [39] . Thus, we hypothesize that the reparative effects of EGCG on postirradiation BTB is an MAPK-independent event. Additionally, ROS can cause damage to the BTB by targeting Ecadherin and a-catenin, two essential components of junctional functionality [40] . Thus, the improvement of BTB permeability by EGCG may also be a downstream indirect effect of its counteraction against oxidative stress. This possibility is being explored in ongoing experiments.
Hormone treatment with Zoladex suppresses intratesticular T level and thereby stimulates the recovery of spermatogenesis after irradiation in rodents [41] . It is perhaps logical that we observed in the current study that inhibition of testicular steroidogenesis by EGCG potentiated the post-IR recovery and resulted in better epididymal sperm parameters. Three possibilities may account for this inhibitory effect. First, EGCG inhibits T production in LCs via the inhibition of the PKA/PKC signaling pathways as well as the inhibition of P450 side-chain cleavage enzyme and 17b-hydroxysteroid dehydrogenase function [11] . Second, EGCG may interfere with steroidogenesis by alleviating IR-induced testicular oxidative stress because the latter can effectively impair LC function [42] [43] [44] . Third, EGCG is able to inhibit the expression and activation of matrix metalloproteinase [45] [46] [47] ; abnormal accumulation of interstitial matrix metalloproteinase has been shown to be responsible for steroidogenic dysfunction [48] . Therefore, we cannot rule out the possibility that the inhibitory effect of EGCG on T production may be achieved through regulation of interstitial homeostasis among seminiferous tubules.
In conclusion, our present results demonstrate for the first time that EGCG may have several roles in the protection of spermatogenic cells against irradiation. Mechanistically, abating IR-induced oxidative stress and inhibiting testicular steroidogenesis play important roles in the radioprotective FIG. 5 . Effects of EGCG treatment on IR-induced oxidative stress were illustrated using analyses of lipid peroxidation and protein carbonyl levels at post-IR 16 h. Data from TBAR measurement of lipid peroxidation (A) and protein carbonyl levels (B) are reported as means 6 SEM of five animals from each group. Statistically significant differences from controls, as determined by Student t-test, are indicated using different superscript letters (P , 0.05).
RADIOPROTECTIVE EFFECTS OF EGCG IN MOUSE TESTIS
FIG. 6. Effects of EGCG treatment on IR-induced blood-testicular barrier (BTB) permeability and composition at post-IR Day 21. A) Mice were subjected to IR stress as described in Materials and Methods. Twenty-one days after irradiation, testicular tissue were isolated, homogenized in formamide, and centrifuged at 10 000 3 g for 30 min. The IR-induced BTB disruption was determined using measurement of the absorbance of supernatant at 620 nm in a plate reader. Data represents mean 6 SEM of five different animals. B) Expression profile of BTB components was evaluated by qRT-PCR analyses at 21 days after IR. Values are the mean 6 SEM of at least three independent determinations. Different superscript letters denote groups that are statistically different (P , 0.05; Student t-test).
FIG. 7.
Effects of EGCG treatment on IR-induced expression changes of several apoptosis-related signaling molecules at post-IR 16 h. A) Relative protein levels of active CASPASE 3, BAX, BCL2, pho-P38, P38, pho-JNK, and JNK were determined by Western blot analyses. TUBULIN was used as a loading control. Densitometric scanning of immunoblots, carried out with aid of Image J software (National Institutes of Health), are shown in B-F. Each data point is the mean 6 SEM of three independent experiments and is normalized against TUBULIN, with the control arbitrarily set at 1 (*P , 0.05, Student t-test).
effects of this polyphenol (Fig. 8) . However, although it acts upstream in apoptosis cascades, whether EGCG protects male GCs upstream or downstream of DNA damage caused by irradiation remains unclear. Nevertheless, EGCG is a biologically active component from natural products that has negligible side effects and can serve as a potential adjunct to conventional radiation therapy. Therefore, employment of EGCG still appears to be an extremely attractive strategy in the future for fertility preservation in males exposed to IR.
